The targeted molecular dynamics method, making possible the study of rare events, has been assessed in the framework of Car-Parrinello ab initio molecular dynamics. As a test case, we have studied the staggered-eclipsed rotation of ethane. The technique has subsequently been applied to investigate the nature of double proton transfer in formic acid dimer. The latter is found to follow a concerted transfer mechanism involving an essentially planar transition state. A ''funnel-like region'' of the potential energy surface is identified, where floppy intermolecular modes stiffen upon approaching the transition state.
I. INTRODUCTION
Despite continuous advances in both numerical efficiency and computer technology, microcanonical CarParrinello molecular dynamics ͑CP-MD͒ simulations 1,2 are still limited to processes involving a few hundreds of atoms and occurring within a few tens of picoseconds at most. The number of chemical reactions which take place spontaneously on such a short time scale, however, is fairly limited; typically energy barriers of many kcal/mol need to be overcome. A wide variety of computational approaches has been developed over the years to force chemical reactions in ab initio molecular dynamics ͑MD͒. The fundamental problem in moving from reactants to products is that the true reaction coordinate is often unknown. Choosing a realistic reaction coordinate is essential for a simulation of rare events to be useful. This task becomes exceedingly difficult for systems with a large number of nuclear degrees of freedom. A way of systematically determining an ensemble of reaction coordinates has been suggested by Chandler and co-workers 3, 4 based on pioneering work by Pratt. 5 Although powerful and appealing, their transition path sampling method is computationally rather demanding, in particular, when used in combination with CP-MD. 6 In the latter context, a variety of alternative methods have been proposed over the years, for instance, distance 7, 8 and coordination [9] [10] [11] constraints, chemical flooding, 12 canonical adiabatic free energy sampling, 13 and non-Markovian metadynamics. 14, 15 In a limited number of cases, the reaction coordinate can be approximated reasonably well by simple geometric variables, such as bond lengths or angles. Rare events of this type may be studied using standard constraint techniques, 16 -18 provided that one is able to guess the reaction mechanism prior to the simulation. The targeted molecular dynamics ͑TMD͒ approach proposed by Schlitter and co-workers [19] [20] [21] retains the simplicity of a distance constraint without the need to know in advance a good lowdimensional approximation to the reaction coordinate.
In the TMD method, the reaction coordinate is defined by a single mass-weighted root-mean-square ''target distance'' between a known initial structure and a fixed final ͑target͒ structure. By gradually reducing the constrained target distance to zero, the system is driven from the reactant to product state without explicitly defining the reaction pathway. During the course of a TMD simulation, in which the constraint target distance is reduced to zero, the system samples a reaction surface, rather than simply following the minimum energy path ͑MEP͒. TMD using classical force fields has recently been employed with considerable success to study conformational transitions and folding in proteins. [22] [23] [24] [25] [26] [27] In this paper we present the first example of TMD within the framework of CP-MD ͑Refs. 1, 2͒ for the study of chemical reactions involving transitions over a low energy barrier. We first apply the method to study the staggered-to-eclipsedto-staggered conformational transition of ethane and demonstrate that ab initio TMD reproduces an accurate representation of the structural and energetic properties of this system along the reaction path. This system is particularly interesting as a test case since the reaction path is characterized by a high intrinsic symmetry in view of the nature of the staggered/eclipsed rotational transition.
We then employ targeted CP-MD simulations to study the nature of the double proton transfer ͑DPT͒ reaction in formic acid dimer ͑FAD͒. As a model system for hydrogen bonded nucleic acid base pairs, FAD continues to attract much attention from both experimental 28, 29 and theoretical researchers; [30] [31] [32] [33] [34] [35] [36] see also references cited therein for review of earlier work. In particular, interpretation of recent high resolution spectroscopic measurements ''suggest that the proton transfer tunneling involves an out of plane motion of the proton'' 28 whereas simulations 32 questioned the concerted nature 37 of the DPT event in FAD. In this light, the issue of DPT in FAD warrants to be revisited using methods that neither impose a planar transition state nor a concerted mechanism a priori. Thus, only simulation techniques that allow for fluctuations, i.e., deviations from the MEP as driven by the finite temperature dynamics of the nuclear skeleton, are appropriate to address these aspects.
As the use of any constraint introduces a bias into the MD simulation, we have also studied the FAD system using a coordination constraint [9] [10] [11] and a simple distance constraint. 7, 8 By comparing the results of these CP-MD simulations using different constraints, we attempt to identify structural phenomena associated with the DPT mechanism in FAD. In particular, the coordination and bond distance constraints have been applied asymmetrically, i.e., to only one hydrogen bond, in order to rule out any possible inherent bias towards concerted DPT.
II. METHODS

A. Targeted molecular dynamics
A detailed description of TMD including a discussion of the mechanical and statistical mechanical properties of the constraint is available in the literature. 20 Here, we simply provide a brief outline including the equations relevant to this work. In TMD, the reaction coordinate is defined as the target distance
͑1͒
between the instantaneous reactant structure Rϭ͕r i ͖ and the fixed product ͑target͒ structure Tϭ͕t i ͖, r i and t i being the respective atomic positions. The mass weighting factor i ϭm i /M is the ratio of the mass of atom i, m i , and the total mass of the system, M. In order to eliminate any translational or rotational contributions, the target distance D(R) is minimized by superimposing the centers of mass of the two configurations R and T followed by rotation of the target structure. The remaining distance, called the target distance, is a measure of the structural root-mean-square distance between the two molecular conformations. During the course of the molecular dynamics simulation, this distance is gradually reduced towards zero and the initial reactant structure R is driven towards the target structure. A particularly attractive feature of this approach is the fact that the time averaged constraint force ͗ f ͘ Dϭconst obtained from a TMD run at a fixed value of D as the average Lagrange multiplier can be used directly to calculate the free energy difference
by thermodynamic integration from the initial to the final state, without the need to correct for metric tensor effects. 20 Figure 1 provides a pictorial representation of the initial and target structures for ethane and formic acid dimer that are used in this study.
B. Coordination constrained molecular dynamics
Interatomic distances may also be controlled in a more indirect and collective fashion by constraining the coordination number of a reactive center. There are several examples of coordination constrained MD available in the literature [9] [10] [11] to which we refer the reader for a detailed discussion of the underlying theory. The coordination center of interest in the present work is the oxygen atom O 8 ͑see Fig. 1͒ . The hydrogen-specific coordination number n for this atom is given by
where the summation is performed over all N H ͑in this case 4͒ hydrogen atoms in the system, r i is the distance between the oxygen atom O 8 and hydrogen atom i, r c is the cutoff radius, and Ϫ1 determines the width of the distribution. Based on the MD averaged equilibrium structure of FAD, we chose a cutoff radius of r c ϭ2.46 a.u. and set Ϫ1 ϭ5.292 a.u., which resulted in an equilibrium value of n e ϭ0.956 being sufficiently close to unity. The DPT reaction was driven by incrementally reducing the coordination num-FIG. 1. ͑a͒ Initial and target ethane structures using the staggered conformation ͑rotation by 120°͒ as the target structure ͑see text for more details͒. ͑b͒ Initial and target ethane structures using the eclipsed conformation ͑ro-tation by 60°͒ as the target structure ͑see text for more details͒. ͑c͒ Initial and target FAD structures. ͑d͒ Initial structure of FAD with atoms and distances labeled.
ber towards zero. Similar to the case of TMD described above, the free energy profile for the reaction is obtained by numerical integration,
͑4͒
However, in contrast to TMD, in this case the time-averaged mean force ͗ f ͘ nϭconst is not identical to the average constraint force, the latter having to be corrected for metric effects. 9 All results presented in this paper include these corrections.
C. Bond distance constrained molecular dynamics
The last constraint employed in this work to study the DPT process in FAD is a simple distance constraint. 16 The constraint was applied to the interatomic distance between atoms O 8 and H 3 . Starting with a constraint O-H bond distance of 1.885 a.u. for the equilibrium structure of FAD, the O-H bond distance was gradually increased in order to drive the reaction. Like the more general target distance constraint, this simple bond length constraint also has the advantage that the mean force is a straightforward average of the constraint force, i.e., the Lagrange multiplier.
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D. Computational details
In the course of this study, we have concentrated on two activated processes: the staggered-eclipsed-staggered conformational transition in ethane and the DPT reaction in FAD as shown in Fig. 1 . In both systems we have employed TMD based on CP-MD ͑Refs. 1, 2͒ ͑T-CP-MD͒. Additionally, for the study of FAD, we have also performed coordination constrained and simple distance constrained CP-MD. The general procedure for all constrained CP-MD simulations is identical. Starting with a geometrically optimized structure for the system of interest, the system was placed at the center of a periodically repeating cubic box of length Lϭ15 a.u. for ethane and Lϭ25 a.u. for FAD. The system was first slowly brought to thermodynamic equilibrium at 300 K using a Nosé-Hoover thermostat on the ions. A fictitious mass of 400 a.u. was ascribed to the electronic degrees of freedom and the coupled equations of motion for atomic nuclei and molecular orbitals were solved using the velocity Verlet algorithm with a time step of 4 a.u. For each nuclear configuration, the Kohn-Sham equations were solved using the Becke ͑B͒ exchange 38 and Lee, Yang, and Parr ͑LYP͒ correlation 39 functional. Core electrons were treated using the normconserving pseudopotentials of Troullier and Martins. 40 The valence orbitals were expanded in a plane-wave basis up to an energy cutoff of 70 Ry. Unconstrained CP-MD simulations were performed over 2 ps. After this equilibration period, the relevant constraint was switched on. For the T-CP-MD simulations, the nuclear coordinates of the system at each step in the simulation were first superimposed on the target structure in order to minimize the target distance D using a mass-weighted least-squares-fit algorithm. 41 The target structures for both the ethane and FAD systems ͑see Fig.  1͒ were obtained from an unconstrained CP-MD simulation, i.e., they differ from the optimized 0 K geometries. A series of T-CP-MD runs were performed at fixed values of D. For each D, the system was first brought to thermodynamic equilibrium at 300 K, and the electronic wave functions were repeatedly quenched onto the Born-Oppenheimer surface. After stabilizing the system at a given D, the Nosé-Hoover thermostat on the nuclei was switched off and a 0.5 ps constrained CP-MD simulation was performed. All calculations were performed using the CPMD package. 
III. RESULTS AND DISCUSSION
A. Ethane: Staggered-eclipsed-staggered internal rotation
The average constraint force for the staggered-toeclipsed-to-staggered conformational transition ͑rotation by 120°͒ in ethane is shown in Fig. 2 as a function of the target distance including the associated free energy profile. A pictorial representation of the initial and target structures used in this simulation is shown in Fig. 1͑a͒ . The initial target distance between the two staggered conformations is D ϭ0.88 a.u. corresponding to a rotational angle about the C-C axis of 120°. At this initial D, the average constraint force is approximately zero. As D decreases, the constraint force increases as the constraint pushes the system towards the energetically unfavorable eclipsed conformation ͑rotation by 60°͒. Having reached a maximum, the average constraint force then returns to zero at the transition state (D ϭ0.43 a.u.). At this point, the system is sitting exactly on the top of the potential energy barrier. Further reduction of D results in negative values of the average constraint force. This arises from the fact that, having overcome the energy barrier, the system would preferentially move directly to the staggered ͑target͒ structure. The constraint however does not allow this, and acts in such a way as to ''pull'' or ''hold'' the system away from the target structure, resulting in a negative average constraint force. As D gets very close to zero, the average force adopts exceedingly large positive values. This is because the phase space volume available to the system decreases with D resulting in an increasing centrifugal component of the constraint force. 20 In other words, when the available phase space becomes so small that it confines the 
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Targeted Car-Parrinello molecular dynamics J. Chem. Phys. 122, 054112 (2005) vibrations of the system, the average constraint force increases dramatically as a result of this ''entropy loss.'' The free energy profile resembles a Gaussian form, with a maximum at approximately the midpoint of the reaction coordinate. Indeed the resulting free energy profile is very similar to that obtained from the MEP. At DϷ0.03 a.u., the free energy dramatically increases. This is the ''target constraint entropy'' that dominates the free energy profile when D becomes so small that it interferes with the vibrations of the system. 20 The effect of the target constraint entropy when D becomes very small is readily observable. However, in principle, over the entire reaction coordinate the available conformational space is continuously being reduced as the target distance is monotonically decreased. One interesting question that arises is then: Does the reduction in the available conformational space on decreasing D affects the free energy profile of the reaction at larger D or only when it becomes extremely small? In order to answer this question, we have performed a second T-CP-MD simulation, this time using a target structure that lies very close to the eclipsed state ͓see Fig. 1͑b͔͒ corresponding to a rotation of 60°. For the target structure we used one of the sampled structures from the initial TMD simulation at Dϭ0.43 a.u. Using the same initial structure as in the first TMD run, we calculated the average constraint force as a function of the new D. Figure 3 shows the comparison between the two average constraint force curves, which have been superimposed. We observe that the effect of the targeted constraint entropy is apparent at D as large as 0.2 a.u. This important result suggests that one must be careful when comparing the free energy profile obtained by TMD with experimental activation energies. While the enthalpic contribution to the free energy profile is predominantly dependent on the choice of electronic structure approach, the entropic contribution to the free energy profile is affected by the choice reaction coordinate, i.e., the target structure. However, we would like to point out that for any particular reaction coordinate ͑prescribed by TMD with a particular target structure͒ the free energy differences obtained by thermodynamic integration are free from artifacts despite the steep increase in constraint force near Dϭ0. Merely the connection to experiment can be complicated by the fact that the phase space volume in TMD is not constant. Nevertheless, our present example ͑Fig. 3͒ illustrates that integration of the mean force sufficiently far away from D ϭ0 is essentially independent of the choice of target structure.
One of the main reasons for performing this initial study on ethane was to establish whether T-CP-MD accurately reproduces changes in the structural properties of the system during the conformational transition. It is well-known that due to increased ''steric interaction'' between the two methyl groups, the C-C bond length in ethane is slightly larger in the eclipsed than in the staggered conformation. For identical reasons, the C-H bond in the eclipsed conformation is slightly shorter than in the staggered conformer. Figure 4 shows the change in the mean C-C and mean C-H bond lengths as a function of D. As can be seen, the expected changes in the structure described above are observed in the T-CP-MD simulation. We observe that the mean C-C bond length increases by 0.015 Å from 1.545 Å to 1.560 Å, while the mean C-H bond length decreases by 0.002 Å from 1.099 Å to 1.097 Å. These subtle changes are very similar to those found when comparing the optimized ground state and transition state structures. On the MEP we observe an increase in the C-C bond length of 0.013 Å from 1.541 Å to 1.554 Å and a decrease in the C-H bond length of 0.001 Å from 1.096 Å to 1.095 Å.
B. Formic acid dimer: Energetics
We performed two series of T-CP-MD simulations for the study of DPT in FAD. In the first series of simulations we used a full target constraint including all atoms of the molecule, while in the second simulation we employed a ''par- FIG. 3 . Comparison of the average constraint force function using a staggered ͑120°rotation, filled squares͒ and eclipsed ͑60°rotation, open squares͒ target structure of ethane, see Figs. 1͑a͒ and 1͑b͒, respectively. The target distance on the lower x axis is for the staggered target structure and the upper x axis is for the eclipsed target structure. Even at relatively large target distances the effect of the target constraint entropy is clearly visible .   FIG. 4 . Variation of the average C-H ͑top͒ and average C-C ͑bottom͒ bond length as a function of D for the staggered target structure ͑120°rotation͒ of ethane. In the vicinity of the eclipsed region, a decrease in the average C-H bond length and an increase in the C-C bond length is clearly visible. This is due to the effect of steric interaction of the two methyl groups.
tial'' target constraint, only using for the evaluation of D those atoms that are predominantly involved in the DPT reaction, i.e., the four oxygen atoms and two protons constituting the two H bonds. The resulting average constraint force curves are depicted in Fig. 5 . In both cases, we see a very different force curve compared to that obtained in the ethane simulation. The average constraint force increases slowly to a maximum as the DPT event is reached. Just after DPT, the average constraint force decreases rapidly to zero. At very small D, the average constraint force begins to increase again, due to the effect of the target constraint entropy. It is immediately apparent that in FAD, the constraint ''loses control'' of the system after the DPT reaction has occurred. We consider that this is partially due to the fact that FAD is much more flexible than ethane and partially due to the fact that the mass-weighted TMD constraint is not ''focused'' directly on the protons involved in DPT. In light of this, we concentrate in the following on the reaction coordinate region up to the DPT event. The associated free energy and enthalpy profiles are shown in Fig. 6 . As can be seen, the free energy barrier to proton transfer is slightly but systematically larger for the full TMD than in the partial TMD simulation. This is due to a difference in the entropy of the system. In order to assess this more quantitatively we have calculated for both target constraints at certain target distances the entropy of the system in the quasiharmonic limit following Refs. 43, 44. Quasiharmonic frequencies i were calculated from the mass-weighted covariance matrix and inserted in the entropy formula
In this way, we calculated the change in entropy of the system as a function of D within the quasiharmonic approximation. The entropy profile includes both the entropy change of the physical system and the target constraint entropy. We found that on performing T-CP-MD simulations at a given D over different time scales ͑0.5 ps, 1.0 ps, 1.5 ps, and 2.0 ps͒, there was very little change in the average constraint force, but significant differences in the quasiharmonic entropy values. We performed for a few target distances longer simulations over 2.0 ps in order to get a more accurate approximation of the associated entropy value. From the free energy and entropy profiles, we have obtained an estimate for the enthalpy profile for the two T-CP-MD runs. We note that the enthalpy profile is only approximate as Eq. ͑5͒ has been derived for the canonical ensemble. The enthalpy profile in the partial and full T-CP-MD runs are ostensibly identical ͑see open and filled circles in Fig. 6͒ , and very similar to the ''static'' transition state enthalpy value of 0.086 a.u. ͑22.6 kJ/mol͒ obtained from the Kohn-Sham energy difference between the optimized equilibrium and transition state structures. The difference between the partial and full T-CP-MD free energy profiles arises only due to the difference in the entropy contribution from the two different target constraints. Indeed, this is the only significant difference that we observed between the partial and full TMD runs. The average constraint force curves and associated free energy and enthalpy profiles for the coordination constraint and distance constraint simulations are shown in Figs. 7 and 8. Similar to the case of TMD, these constraints also lose control of the system after the DPT event. Despite the fact that the functional form of the average constraint force curves and free energy curves are different for the different constraints, the enthalpy of the reaction in each case appears to be very similar. The specific value of the energy barrier to DPT obtained in these constrained CP-MD simulations is determined by the electronic structure method chosen and not by the type of constraint employed. Indeed there are many studies concerning the exact value of the energy barrier to DPT available in the literature. The BLYP functional gives a very low energy barrier ͑22.6 kJ/mol͒ compared to more accurate post-Hartree-Fock CISD ͑Q͒ calculations ͑45.2 kJ/mol͒. 31 Unfortunately such post-Hartree-Fock meth- The free energy barrier to DPT for full TMD ͑filled squares͒ is larger than that for partial TMD ͑open squares͒. This arises only from a difference in the entropic contribution to the free energy. The enthalpy profiles for the full TMD ͑filled circles͒ and partial TMD ͑open circles͒ are almost identical. 2005) ods cannot be readily used in a constrained CP-MD simulation due to the excessive CPU time required. However, according to a most recent study 36 the barrier height is only 33.1 kJ/mol ͑7.9 kcal/mol͒, much closer to the BLYP value than previously thought.
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Highly accurate theoretical estimates of the barrier to DPT, i.e., the energy of the transition state relative to the equilibrium structure, are more readily obtained from static calculations of the MEP. Constrained CP-MD simulations, however, provide an insight into changes in the structural properties of the system across the reaction coordinate at finite temperature, i.e., including fluctuations. This is the topic of the following section.
C. Formic acid dimer: Structural changes and mechanism
In this section, we discuss the changes in the structural properties of the FAD system as it approaches the DPT event. All three constraints liberated a concerted DPT mechanism. This is a very important result, as none of the constraints employed intrinsically enforce a concerted reaction mechanism. In the coordination and distance constraint simulations, multiple DPT events were observed at the transition state. For the TMD simulations, only a single concerted DPT event was observed, after which the system immediately relaxed towards the equilibrium ground state geometry. Quantum chemistry calculations suggest that the transition state is planar with D 2h symmetry. 31 We first investigated how close to planarity the system gets as it approaches the transition state. One of the most sensitive measures of the planarity of the system is the inertia defect ⌬I which is defined as
where I C ϾI B ϾI A are the principle moments of inertia of the system; note that this definition is consistent with the ⌬I data reported in Ref. 28 . The inertia defect is a convenient measure of the planarity of the system since ⌬Iϵ0 for completely planar molecules. Figure 9͑a͒ shows the change in the average ͗⌬I͘ and root-mean-square fluctuations (⌬I) of ⌬I as a function of the constraint for the T-CP-MD simulation. ͗⌬I͘ tends towards zero at the transition state, but, on average, never actually gets to exactly zero. However, ͗⌬I͘ does not decrease monotonically. We observe an initial rapid increase in ͗⌬I͘ long before the transition state is reached. As the system approaches the transition state, ͗⌬I͘ remains almost invariant, only increasing slightly. (⌬I) exhibits a similar quasiplateau. These results suggest that in the equilibrium structure, FAD undergoes slow large amplitude fluctuations causing the dimer to deviate strongly from its optimized planar geometry. On approaching the transition state, however, the system undergoes a stiffening of the out-of- plane vibrations. The system enters a funnel-like region of the potential energy surface which results in a dramatic decrease of the amplitude of the oscillation of ⌬I and an increase in the frequency of oscillation upon approaching the transition state region where DPT occurs. This is shown explicitly in Fig. 9͑a͒ . A similar effect is seen for the coordination constraint shown in Fig. 10͑a͒ and the distance constraint. However, after the DPT reaction has occurred, we see very different behavior in ⌬I for the target and coordination constraints. In the case of T-CP-MD, ͗⌬I͘ decreases and (⌬I) increases just after the reaction as expected. Only as D is reduced further, due to the fact that the constraint now drives the system towards a fixed target structure, ͗⌬I͘ goes to Ϫ1.37 amu Å 2 which is the value of ⌬I for the ͑nonpla-nar͒ target structure, see Sec. II D, and (⌬I) goes to zero. In the coordination constraint, however, the planarity of the system continues to increase slightly after the DPT reaction has occurred. This is an artifact of the coordination constraint, which is now acting predominantly on the newly formed H bond. The flexibility of the FAD system is due to the flexibility of the two H bonds. The coordination constraint acting on one of the H bonds induces planarity even after the reaction has occurred. As the coordination constraint is further reduced to zero, the newly formed H-bond length is allowed to increase slowly and the average planarity of the system in turn also slowly decreases. A similar argument can be applied to the variation in (⌬I) for this constraint.
Following the work of Miura et al., 31 we have extended our analysis of the properties of FAD by studying two symmetry-adapted generalized coordinates see Fig. 1 for definitions of variables. The 1 coordinate characterizes synchronized hydrogen motion, while 2 describes the intermolecular vibrations; note that 1 and 2 are the standard coordinates used to describe a H bond, i.e., the asymmetric stretch and the donor-acceptor distance, generalized to two H bonds. Figure 9͑b͒ shows the change in the average, ͗ 1 ͘ and root-mean-square fluctuations ( 1 ) of 1 for the target and coordination constrained simulations. For the case of T-CP-MD, we see that 1 decreases slowly in the initial stages of the reaction. Very close to the transition state, we observe a distinct discontinuity and ͗ 1 ͘ becomes zero at the transition state and large and positive shortly after the reaction has occurred. One of the reasons for this large discontinuity is that after DPT, the target constraint loses control over the system, which moves almost directly into the equilibrium ground state structure. A similar effect is observed for the coordination constraint shown in Fig. 10͑b͒ . The discontinuity is much smaller here, which is at least in part due to the fact that the constraint controls the system somewhat better than the target constraint after the reaction has occurred. The change in ( 1 ) is much more interesting. For both constraints, we observe a distinct decrease in ( 1 ) long before the transition state is reached. After a plateau, ( 1 ) decreases again very close to the transition state. Similar to our previous discussion for ⌬I, it appears that the system enters a rather rigid funnel region of the potential energy surface in the very early stages of the DPT reaction, which is maintained until concerted DPT occurs. In both cases 1 ϭ0 at the transition state signaling concerted DPT; similar results were obtained for the distance constraint. This result is particularly interesting, since, unlike in previous studies, 31 none of the constraints employed here implicitly favors a concerted mechanism.
The change in ͗ 2 ͘ and ( 2 ) for the target and coordination constrained simulations is shown in Figs. 9͑c͒ and 10͑c͒, respectively. For both constraints we see a smooth decrease in ͗ 2 ͘ as the system approaches the transition state. The minimum of ͗ 2 ͘ just prior to the DPT reaction is slightly larger in the case of T-CP-MD ͑5.22 Å͒ than for the coordination constraint ͑5.01 Å͒. In the distance constraint the minimum ͗ 2 ͘ just prior to the transition state is even smaller ͑4.97 Å͒. The reason for the rather large value obtained in T-CP-MD simulations is due to the fact that the frozen target structure ͑corresponding to a fixed value of 2 ϭ5.32 Å) influences the structural changes. Particularly as D gets small, the system is driven towards the specifically defined target structure. In all three constrained CP-MD simulations we see however that ( 2 ) decreases rapidly initially before stabilizing and then decreases again on close approach to the transition state. In line with the previously presented results for ⌬I and 1 this suggests that in the early stages of the reaction the dimer contracts and enters a funnel-like region of the potential energy surface ͑being characterized by high-frequency small-amplitude oscillations of intermolecular modes in comparison to the situation close to the equilibrium structure͒ which is maintained until the DPT process occurs. For the T-CP-MD simulations, the 2 coordinate increases rapidly just after DPT and the system becomes more flexible. As D is reduced further ͗ 2 ͘ tends towards the target structure value of 5.32 Å and ( 2 ) decreases to zero. In the coordination constraint, ͗ 2 ͘ continues to decrease after the DPT before slowly increasing again. Just as in the case of 
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IV. CONCLUSIONS
In this paper we have presented the first example of targeted Car-Parrinello molecular dynamics to study chemical reactions over low potential energy barriers. We have concentrated on two activated processes occurring within small molecules: the staggered-eclipsed-staggered conformational transition in ethane and the double proton transfer reaction in formic acid dimer. In the very small and rigid ethane test system we have observed that T-CP-MD accurately reproduces many of the known properties of the system associated with the conformational transition. In the case of FAD, a much more flexible system, the target constraint is less well suited to control the motion of the transferring protons. Due to the use of a mass-weighted target distance, TMD predominantly acts on the heavy atom frame. With regard to future applications of T-CP-MD, we are therefore optimistic as far as, for instance, ab initio simulations of conformational changes in complex systems are concerned. However, the present work has certainly shown the limitations of TMD in the context of proton transfer reactions. Nevertheless, the overall performance of TMD in the case of FAD is comparable to other simple geometric constraints such as a bond distance or coordination constraint.
Concerning FAD in particular, the aim of this study has been to characterize the entropic dynamic effects, which might lead to qualitative deviations of the finite temperature reaction path compared to the zero temperature minimum energy path. In this respect, it is worth noting that, despite not implicitly favoring a symmetrical proton transfer path, all constraints employed here have reproduced the concerted DPT as predicted by the MEP approach which neglects finite temperature fluctuations of the nuclear skeleton. Furthermore, we have shown that dynamical fluctuations are responsible for the inertia defect being nonzero throughout the reaction, at variance with predictions based on the MEP, and in particular slightly negative close to the transition state. This observation might offer a way to reconcile high-accuracy spectroscopic data 28 with previous quantum chemical calculations based on the MEP.
